In recent years, the power control method of the primary control layer in a microgrid hierarchical control system has substantially improved. However, the corresponding improvement in the dynamic response performance of the output controller remains challenging in the field of microgrid research. In this study, based on the topology of a microgrid control system, a control network was constructed with a voltage source inverter (VSI) control node as its main body. After analyzing its characteristics, the dynamic response capability of the primary layer was determined to be limited because the complex control network that comprises multiple proportional-integral (PI) controllers inherits and amplifies the PI controller dynamics. In this study, we replaced the VSI output controller in the conventional control structure with a dynamic matrix control (DMC) algorithm to reduce the number of PI controllers, maintain the existing power stability control and improve the dynamic response performance of the primary VSI node. The effectiveness and advantages of the improved output controller of the VSI node based on the DMC algorithm were verified by comparing simulations and experiments that were conducted in the same environment. The simulation and experimental results show that the response speed of the DMC-based VSI node was improved, and the overshoot, fluctuation, and steady-state errors in the response process were reduced.
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Error matrix H Error correction matrix i a,b,c Output current of VSI i d D-axis value of the output current of VSI I * d D-axis target value of the output current of VSI i q Q-axis value of the output current of VSI In recent years, the rapid development of distributed power generation technology, which is based on renewable energy, has caused the transformation of power systems from conventional unidirectional grids to new, modern, multidirectional grids [1] . As an effective solution for distributed resource management [2] , microgrids have undergone theoretical feasibility verification [3] , microgrid control method research and application [4] , and multi-microgrid interaction complementary research [5] and has gradually developed a hierarchical control structure that is based on the American National Standard Institute ANSI/ISA-95 standard [6] . In a microgrid, the unique source-load characteristics (strong intermittent characteristics of microresources and strong randomness of load) have rendered the steady-state and dynamic performance of the microgrid control system a primary focus in research on the microgrid control method.
The key issues that must be mitigated to improve the steadystate and dynamic performance of a microgrid control system include the power-sharing accuracy problem [7] , power stability control problem at the primary control level [8] , and improvement in the dynamic response performance of the microresource output control with the premise of the existing power stability control performance [9] .
In a microgrid, the end control nodes comprise different types of power supplies and voltage source inverter (VSI) interfaces [10] with different output control methods and power coordination control strategies. Due to the low-inertia damping of microresources [8] , the stability requirement of the control system for VSI power control is high [11] , [12] . Due to the strong randomness of load variations in the network, the control system has higher requirements for the robustness of the power sharing controller and dynamic response performance of the VSI inner output controller [13] . For the low damping characteristics, most research has focused on the improvement in the steady-state performance of the control system [14] , [15] by increasing the virtual impedance output via the VSI power controller [16] or simulating the droop characteristics of conventional rotating sets [17] . Control research on the random variation in loads in the network is primarily performed by combining the secondary control [18] and the VSI coordination control [19] . However, improving the accuracy of power sharing and the dynamic response performance of the VSI node while ensuring a stable control performance is difficult [20] . Moreover, these methods do not consider the performance impact of the internal output controller of the VSI on the total control network.
For the stability of a microgrid, accuracy of the power sharing controller and rapidity of the microresource regulation control, Parisio et al. [21] adopted the model predictive control (MPC) algorithm to construct a power coordination control strategy for the VSI control network in the primary control layer of a microgrid. Compared with the conventional Proportional-Integral (PI) control method, the control performance of MPC has the advantage of steady-state and dynamics, which has been extensively verified [22] , [23] . However, the unique source-load characteristic of the microgrid hinders the construction of a curacy load-power model. Therefore, Lim et al. [24] proposed a control method that is based on MPC for the VSI node at the bottom of a microgrid. Compared with the conventional PI control structure, the MPCbased VSI has a faster dynamic response speed and no overshoot and fluctuation during the control process. However, due to the large number of uncertainties that exist in a microgrid, the impact of model accuracy and model selection on the controller performance cannot be disregarded. Therefore, a finite control set MPC (FCS-MPC) method was proposed by Babqi and Etemadi [25] to address the uncertainties in a microgrid. Compared with the conventional PI control structure, although the MPC method substantially improves the dynamic response performance of the underlying VSI node controller, its stability, robustness to address uncertainties, and smoothness of the response curves considerably depend on the accuracy of the model and the model boundary. Moreover, the influence of different control loops when internal output controllers of multiple VSI nodes are connected in series with the secondary controller to form multiple complete parallel control loops has not been sufficiently analyzed.
To improve the dynamic response capability of the traditional PI control network based on the existing stable power control performance and reduce the dependence of general MPC on the selection, accuracy, and boundary of the VSI model, this study analyzed the complete traditional VSI control network and employed the dynamic matrix predictive control (DMC) algorithm to replace the conventional VSI output controller.
• Compared with the conventional PI control method, DMC inherits the advantages of MPC and considerably improves the response speed and decreases the overshoot, oscillation, and fluctuation in the dynamic response process. • Compared with the general MPC, the DMC method applies the characteristic curve of model response as its reference trajectory, and uses state prediction and error compensation to continuously modify the control matrix, so as to improve the smoothness of the response curve and reduce model dependence.
The remainder of this paper is organized as follows. Section 2 details the analysis of the structural characteristics of the microgrid control network and the factors that affect the performance of the underlying control node of the network. Section 3 introduces the VSI node output controller using the DMC control method. Section 4 presents the simulation verification of DMC with noise interference, the simulation verification of variable load compared with conventional PI and MPC controllers, and the experimental verification of the controllers on an actual microgrid hardware platform. Comparisons of simulations and experiments with conventional controllers showed that the dynamic response performance of the output controller of the VSI control network was substantially improved. 
II. PRELIMINARY KNOWLEDGE: VSI CONTROL NETWORK MODEL AND ANALYSIS A. VSI CONTROL NETWORK TOPOLOGY AND STRUCTURAL CHARACTERISTICS ANALYSIS
As the core equipment of a microgrid, VSI can be divided into two parts: power sharing control and output control [20] . With advancements in research on the underlying coordinated control strategy (e.g., U-f/P-Q and P-f/Q-U control strategies), the impact of the low inertia damping of micro power supplies on network stability has been substantially improved. To study the control system of a microgrid more intuitively, as shown in Fig. 1 , the control nodes of a typical centralized microgrid can be abstracted and correlated to obtain a topological diagram of its control network. Furthermore, a total network architecture topology of various microgrid control systems can be obtained using the same topological means of abstracting, segmenting, and correlating (as shown in Fig. 2 ). Fig. 2 shows that the number of control nodes in the tertiary control level and secondary control level is small. Based on the requirements of the entire network coordination control stage, the composition, control method, and characteristics of the control nodes (including the tertiary control nodes, secondary control nodes, and power sharing control nodes of the primary control) are unified. The nodes usually adopt different control horizons from the inner control loops of the primary control level of VSI. The power-coordination controllers always use the same control methods and strategies to maintain the total consistency of the VSI network. However, the output control part, which is another important part of the VSI node, is often disregarded. Equipment from different power supplies have different output control structures, methods, and performances, which produce large differences in the dynamic response performance of different VSI node outputs. With respect to the interaction between the modern energy Internet and multi-microgrids, the conventional switch control equipment on the point of common coupling (PCC) was extended to an energy router interface, which is a kind of VSI. Thus, the characteristics of VSIs, in which the internal output control part cannot be unified, becomes more distinct. Different types of VSI output interfaces have different dynamic performances according to the interactions with multiple microgrids. Achieving consistency among global interactions is difficult. Therefore, the dynamic response performance of the VSI affects not only the microgrid system performance but also the reliability, efficiency, stability, and speed of the interaction among microgrids.
B. TYPICAL INNER OUTPUT CONTROLLER OF VSIs
The conventional output control method of VSIs adopts a closed-loop control structure that is based on PI controllers (e.g., dual closed-loop cascade control structure of voltage-current control [26] and current single closed-loop control structure based on a 3C control method [27] ).
For example, consider the classical two closed-loop cascade control structure of voltage-current control; the classical current control mathematic model of the conversion circuit can be expressed as follows:
The classical voltage control mathematic model of the conversion circuit can be expressed as follows:
C. POWER CONTROL Typical power control methods, such as U-f/P-Q or P-f/ Q-U-droop control methods, have unique characteristics, which have also been developed over the long term. These control methods have considerably improved the power sharing accuracy and steady-state performance in power sharing control processes. For example, for the P-f/Q-U droop control method, the typical power control model is formulated as follows [14] :
According to (1)-(6), the classical VSI inner control system composed of current control loop, voltage control loop and power control loop is a complex control system which contains many PI controllers.
D. ANALYSIS OF VSI CONTROL NETWORK CONSISTING OF PI CONTROLLERS
For further analysis of the power and output control models described in Figs. 1 and 3 shows the simplified control block diagram of the complete control loop, which consists of control nodes, as denoted in red in Fig. 1 . As shown, the complete control diagram contains three closed loops in series, which comprise at least two PI controllers in parallel. Therefore, the complete VSI control network of a microgrid control system is complex and consists of multiple PI controllers with a plurality of PI control loops that are connected in series or series-parallel. Although the PI controller is extensively employed in the field of control science for its simple structure, it experiences inevitable large overshoots, large oscillations, and strong fluctuations in regulation and control processes. These characteristics substantially influence the dynamic response performance of an entire control network. In a complex control network, which consists of multiple PI controllers, latency issues (including data-processing delays and communication link delays) are one of the main causes of these deficiencies [28] . The performance of complex PI control networks is generally improved by optimizing the PI control parameters [26] , [29] .
Dong et al. [30] analyzed the VSI control network and attempted to improve the performance of the complex VSI control network by optimizing the parameters. However, a multi-PI complex control network inevitably presents problems such as overshoot, oscillation, and fluctuation in the dynamic response process. Although the total performance of the VSI control network has been improved, the improvement is limited without any change in the underlying internal control structure. Dong et al. [30] also noted that the dynamic response performance of microgrid VSI control networks is considerably influenced by an increase in the number of PI controllers and changes in the control parameters. Therefore, when devising new microgrid control methods or strategies, the influence of the number of PI controllers and control parameters in complex PI control networks on the control network performance should be considered. However, this problem has not been discussed in most studies of microgrid control methods. Although most works have made considerable achievements in solving the stability problem, they disregarded the impact of the total dynamic response performance of the VSI output control part on the implementation of control strategies (especially for the overshoot and oscillation superpositions of multiple PI controllers). Some other works (such as the use of the FCS-PI control method [25] and robust control method [31] ) improved the dynamic performance of the PI controllers. However, the overshoot, low response speed, steady-state errors, oscillations, and fluctuation in the dynamic response process cannot be avoided when the different control levels are linked to form a complex control loop. Although Mirzaeva et al. [32] suggested that the PI controller is the best choice for the primary VSI control method of the microgrid in current conventional controllers, the influence of the number of PI controllers on the entire control network was not considered. Therefore, by replacing conventional PI controllers with other advanced controllers, the number of PI controllers can be reduced, and the complexity of the control network composed of PI controllers in series and parallel can be reduced. Moreover, the dynamic response of the bottom VSI control network nodes can be enhanced.
In the field of control science, the MPC-based modern advanced control algorithm has more advantages over conventional PI controllers [33] , [34] . With the research and development of direct matrix converters that are designed for conventional power supply [35] , if the MPC control method is combined with the coordination/power sharing control modules of conventional VSIs, the use of MPC to improve the output control module of the VSI while maintaining the conventional power sharing control part and secondary error/coordination control part is feasible. The improved VSI control network substantially improved the dynamic response speed and reduced the overshoot and fluctuation. However, the high dependence on model accuracy and model selection based on the Lyapunov criterion is the greatest challenge of MPC application [36] . This characteristic restricts the output robustness and stability of a VSI node due to many uncertainties, such as the uncertainty in the line impedance, randomness of load, and intermittence of power supply in a microgrid. Although the MPC/FCS-MPC control method utilizes the Lyapunov function to ensure the stability of the controller, because Nguyen et al. [36] stated that ''a specific Lyapunov function limits the choice of control performance by the objective function,'' this method requires further research and improvement to address uncertainties. As a kind of MPC control method, DMC inherits a part of the dynamic response characteristics of the general MPC method, such as high response speed and no overshoot [37] . Unlike the MPC, the DMC smoothed the response curve by continuously correcting and compensating for errors in the response process and rolling optimization of real-time correction of the control matrix, which more effectively compensated for the lack of uncertainty in MPC. Compared with the conventional PI control structure, the dynamic performance advantages of DMC are very distinct. Moreover, the dependence of MPC on model accuracy would be reduced and Lyapunov function-based model selection limitations would also be improved.
III. DMC CONTROL METHOD OF VSI OUTPUT CONTROL MODULE
The DMC method can be used to construct different types of dynamic characteristic matrices that are based on the characteristics of theoretical models of the controlled objects for different types of responses. This method employs a characteristic matrix to estimate the output of the controlled object in future k-steps, constructs a reference trajectory, and then corrects the dynamic characteristic matrix using errors between the predictive output values and actual output values to realize the output control of the controlled object [38] . The correction process requires rolling optimization based on the cost functions to increase the response speed of the entire control process. Therefore, the DMC primarily consists of three parts: prediction model, rolling optimization, and feedback correction. Detailed analyses of the DMC algorithm can be obtained from previous work [39] .
A. PREDICTION MODEL
With recent developments in power electronics technology, many types of VSI conversion circuits exist [39] . In this study, a typical three-phase two-stage conversion circuit (as shown in Fig. 4 ) is considered as an example. In general, the DC circuit equation can be expressed as
Further, the general AC circuit equation after abc/dq0 transformation can be expressed as
where S k is the duty ratio of the thyristor on the DC side; A d and A q are the coefficients of the duty ratios of the AC switch circuit after abc/dq0 transformation; and e d and e q represent the output voltages of the VSI. The physical spatial distribution of inverters in a microgrid is relatively dispersed, and impedance is observed between the output node and the load of inverters in a low-voltage network. To study the stability of the microgrid power supply and VSI robustness to the output control of an uncertain line impedance, according to Babqi and Etemadi [25] , the model that considers the line resistance can be expressed as
where i Ld and i Lq are the d-axis value and q-axis value, respectively, of the current output from the VSI to the load; V gd and V gq are the d-axis value and q-axis value, respectively, of the voltage on the load side; r g is the line resistance from the VSI to the load; and L g is the line inductive reactance from the VSI to the load. The circuit control system has three inputs, three outputs, and nine state variables, which are expressed as follows:
The input control variables are
The output response variables are
The state variables are
In (16), matrix coefficients A, B and C are expressed in the next page.
In a microgrid, the uncertainties usually include the load mutation, intermittence of the power supply, and uncertainties of the line impedance and inductance caused by the change in the working environment. The intermittent characteristics of the power supply are controlled by the Maximum Power Point Tracking (MPPT) controller, and the load mutation is controlled by the power coordinate controller. Therefore, the previously mentioned state space model can be rewritten by considering uncertainties as
where A and B are the uncertainty coefficient matrices, which are expressed in the next page. A and B have continuous mappings of D(r) and E(s), which are expressed at the bottom of page 8.
For an uncertain system, E(s) should satisfy the following requirement:
In addition to the previously mentioned uncertain factors, the microgrid system comprises communication delays between different levels and the state detection delays of each detection node. Therefore, the time-delay problem of the microgrid control system should be considered when constructing a model. The state space model in (17) can be rewritten by increasing the time-delay state term of the model as
where M is the delay perturbation matrix, and I is the unit matrix. M should satisfy the following constraints:
The determination of the stability of this model was the premise for constructing the reference trajectory of the DMC model. According to the Lyapunov theorem of stability, the condition that is sufficient for model stability is expressed as follows:V (x) ≤ 0.
According to model (19) , the Lyapunov function can be obtained as follows:
If the system is stable, a positive definite real symmetric matrix solution P exists. The control value U can be expressed as 
where K is the feedback decoupling matrix, which is generally expressed as
The Lyapunov function (22) can be updated as follows:
Set A + BK = A 1 . In addition, a sufficiently small amount of positive numbers ζ exists. A positive definite matrix can be obtained as follows: R = I/ζ . The Lyapunov function (25) can be updated as follows:
If the system is stable, then (26) satisfies the constraints described in (21) . Therefore, the following stability 
constraints can be obtained:
The positive definite matrix P and the feedback decoupling control matrix K can be obtained. The state space equation (19) of the system can be rewritten as follows:
A theoretical model (28) is used as the reference trajectory model to simulate the step response, and thus, the initial characteristic matrix A 0 is constructed.
In the step response process, when a control increment is added to the system input values, a set of output sample values is achieved at each sampling instant. These sample values are used to build the dynamic matrix A 0 , which is expressed as
The prediction model of the system can be obtained as
where Y n (t+ 1) is the predictive value of the model output, Y m (t) is the output predictive correction value of the previous control step, and du(t) is the error correction controlled variable between the established output values and the predicted output values. The detailed expression is shown in (33) . Note that A 0 in (30) is the initial characteristic matrix that was constructed by the response trajectory of the theoretical model. During predictive control, the matrix performs dynamical corrections to (30) according to the error correction and rolling optimization, which compensates the difference between the approximate theoretical model and the actual system.
B. ROLL OPTIMIZATION
Rolling optimization is performed to correct the difference among the theoretical model, prediction model, and actual system by minimizing costs and ensure that the predicted value of the control system in the future n control steps (n represents the predictive horizon) is as close as possible to the target values. Therefore, the control variables should be chosen by minimizing the cost quadratic functions as
where Q E is the positive definite matrix, which indicates the error weighting matrix of the DMC system and R U is a positive definite matrix, which indicates the control weighting matrix of the DMC system. Y sp represents the target setting values of the system, and the control increment variable du(t) must satisfy the optimization requirement of (31) and the system stability requirement. The constraints of the objective function (31) can be obtained as follows:
Order:
The du(t) with optimal J can be obtained as
Set
(33) can be updated as follows:
C. FEEDBACK CORRECTION
In the MPC control method, the uncertainty control performance of the controller depends on the accuracy of the model (28) , which is obtained from the previous formula (26) . However, the model (28) is not always accurate (especially in microgrid VSI control networks with uncertainties). Therefore, feedback error correction is necessary. During the rolling-optimization process, an error matrix was constructed by comparing the predicted output values of each control step with the actual output value detected by the actual circuit, as expressed in the following equation:
Equations (37) and (38) can be obtained by introducing the system error correction matrix H and shifting the predicted correction output values of the system.
where Y cor is the prediction output value of the future k-steps with error correction and S 0 is the shift matrix of the DMC system. The parametric matrices Y cor , S 0 , and H after each feedback correction are expressed in the bottom of the next page.
If a i (t) = y mi (t) in (36) , the dynamic matrix coefficient of the system is updated as follows:
The control value of (35) can be obtained as follows:
The DMC module was used to replace the conventional VSI output control module with the PI controller (as shown in Fig. 5(a) ). Based on the previously described DMC algorithm, the control block diagram of the DMC output control module of the VSI node is shown in Fig. 5(b) . The control module operation should follow the main control procedures.
Step 1: Determine the dynamic coefficient of the model, construct the dynamic coefficient matrix A 0 , set the deviation correction matrix H, set the deviation weighting matrix Q, and set the control weighting matrix R.
Step 2: Compute the matrix DT, which represents the error correction value of du(t), by using (41).
Step 3: Compute the predictive values Y n (t+ 1) by (30);
Step 4: Compute errors via (36);
Step 5: Compute predictive correction values Y m (t + 1) by (38) ;
Step 6: Obtain U (t + 1) = U (t) + du(t);
Step 7: Repeat steps 2-5 until the dynamic response process is complete.
IV. SIMULATION AND RESULTS ANALYSIS
We conducted a simulation comparison and experimental verification for the DMC, general MPC, and conventional PI-controlled VSI. The main model parameters in the simulation comparison are listed in Appendix A. Fig. 6 shows the step response curves of the theoretical controlled object model in the DMC. The characteristic value of the response curves constitutes the dynamic matrix A 0 , which serves as the model prediction reference trajectory of the DMC. As shown, the simulation time of the entire theoretical step response is 0.6 s, and the rising time is 0.25 s. The response curves of all variables in the response process are completely decoupled without overshoot or oscillation. In the comparative simulation experiments, the PI controller is designed by the method described in reference [30] , and the MPC controller is designed using the model described in (16) and the analytical design method of reference [25] . The three controllers are compared using the same conversion circuit.
A. SIMULATION VERIFICATION OF THE STEP RESPONSE OF THE PREDICTION MODEL WITH RESPECT TO NOISE DISTURBANCE
To verify the interference effect of the DMC controller on the actual system, white noise was added to the model simulation.
Step response output curve of reference trajectories for the initial state: Y. The white-noise intensity was 1 dB, and its amplitudes were d1 = 10, d2 = 6, and d3 = 3. The control time of the system was ts = 0.0001 s. Fig. 7 shows the output results of the DMC controller. The target values were y sp1 = 700, y sp2 = 50, and y sp3 = 10, and the mean values of the output response results were y1 = 699.995, y2 = 49.997, y3 = 10.001. When t = 0.5 s, the target value was adjusted to y sp1 = 750, y sp2 = 55, and y sp3 = 5. The mean values of the output response results were y1 = 750.021, y2 = 54.998, and y3 = 4.998. The rising time was 0.02 s during the adjustment process. As shown, no overshoot and oscillation were observed in the response process of the DMC with the influence of interference noise. Moreover, the response speed is faster, and the total trend of the response curve was not affected by the interference noise.
B. SIMULATION COMPARISON OF DMC AND CONVENTIONAL PI-CONTROLLED VSI LOAD VARIATIONS
To verify the dynamic response performance of the DMC module, MPC module, and conventional PI control module with the VSI load variations, we conducted a simulation verification of these methods using the same model and simulation platform environment. The simulation comparison curves are shown in Fig. 8 .
During the simulation process, the load variations are simulated and the target values of three variables changed when the simulation times were 8 s and 10 s. As shown in Fig. 8 , in the theoretical simulation process of these three control methods, the response curves are smooth without any oscillation or fluctuation. Due to the single PI controller in the conventional DC Voltage control structure, no overshoot was observed in the rising process (as shown in Fig. 8(a) ). The rising time (0∼90% step values) of DMC are 0.16 s and 0.13 s, those of MPC are 0.26 s and 0.24 s, and those of conventional PI control are 0.16 s and 0.17 s. Fig. 8(b) and (c) show that the output control of the conventional PI control structure adopts a double PI series control response, which causes a large overshoot. In Fig. 8(b) , the rising times of DMC are 0.26 s and 0.33 s, those of MPC are 0.23 s and 0.33 s, and those of conventional PI are 0.27 s and 0.41 s. In Fig. 8(c Fig. 9(a) .
PI are 0.41 s and 0.41 s. Due to the use of the ideal circuit mathematical model in the simulation, the rising times of the three controllers in the simulation process were similar, and some differences were observed in the actual system. Therefore, the differences in the response curves between MPC and DMC are minimal.
C. DYNAMIC CONTRAST EXPERIMENT OF LOAD VARIATIONS
To further verify the characteristics of DMC, this study conducted a comparison experiment in a 2 MW photovoltaic microgrid system that is located in Tianjin, China. Because the hardware platform is built in a commercial park, the physical space is limited and includes three 500-kW photovoltaic inverters and sixteen 30-kW small photovoltaic inverters. Three of the 30-kW inverters with the same circuit structure were employed as experimental objects, and their internal controllers were replaced by the DMC controller, MPC controller, and conventional PI controller. In the experiment, the sampling time of the VSI controller was ts = 0.00005 s, the grid voltage level was 380 V, and the frequency level was 50 Hz. The three inverters were managed and coordinated by the same power coordination and sharing controller. The comparison experiment consisted of four parts: the comparison of variable load in grid-connected mode, variable load in island mode, load mutation in island mode, and line resistance and inductance variable in island mode.
1) VARIABLE LOAD COMPARISON IN GRID-CONNECTED MODE
In the comparison experiment, the initial active power output value of the VSI was set to 18 kW, and the output power of the VSI was adjusted to 12 kW and 15 kW at 10 s and 20 s, respectively. The initial reactive power output value of the VSI was set to 4.5 kVar, and the output power was adjusted to 2.2 kVar and 4.5 kVar at 10 and 20 s, respectively.
The comparative experimental results are shown in Fig. 9 . The individual curves of the three controllers' comparison curves in Fig. 9 are shown in Appendix B. Fig. 9(a) shows the active power output curves. As shown, the rising times of MPC were 0.18 s and 0.2 s with no overshoot in the response process. The rising times of the DMC were 0.91 s and 0.46 s with no overshoot in the response process. Further, the rising times of the PI-controlled VSI were 4.06 s and 1.92 s, and overshoot occurred twice and once in the response process, respectively. The comparison of the three response curves showed that the response speed of MPC is faster than that of DMC in the process of variable load response. However, Fig. 9(d) .
the response curve showed a 5.3% steady-state error and a larger number of ripple fluctuations. Moreover, the steadystate error of the DMC response curve is much smaller and smoother than that of the MPC response curve. Compared with MPC and DMC, the response curve of the conventional PI-controlled VSI showed larger overshoot and oscillation, and large fluctuations were observed after a stable state was attained. Fig. 9(b) shows the response curves of the reactive power change. As shown, the rising times of MPC were 0.09 s and 0.06 s, those of the DMC were 0.46 s and 0.49 s, and those of the PI were 5.08 s and 1.88 s, respectively. In the MPC-based response process, the 1.8 kVar steady-state error is substantially larger than that of DMC. Moreover, the PIcontrolled VSI response process is similar to its active power response process with 2 distinct overshoots and 1 distinct overshoot respectively. After the PI-controlled VSI attained a stable state, fluctuations were observed in the range of −10%-10%. Fig. 9 (c) shows the response comparison curves of the d-axis component of the output current. As shown, the overshoot and response speed of the response curves of the controllers are consistent with the characteristics of the active power response shown in Fig. 9(a) . The three response curves show wide amplitude oscillations, among which the oscillations of MPC are the most distinct at −1.5-1.5 A, followed by those of the DMC at −0.5-0.5 A and those of the PI at −0.3-0.3 A. The comparison of the three curves shows that MPC has a distinct steady-state error of 11.5%, while those of DMC and PI are 0.78% and 5.8%, respectively. Fig. 9(d) shows the q-axis component of the output current; its overshoot, rising time, and steady-state error are consistent with the reactive power response characteristics, as shown in Fig. 9(b) . As shown by the wide-amplitude oscillation of the response curves in Fig. 9(c) and (d) , the controller has high sensitivity to the response performance. Despite the large disturbance, the total trend of the response curve is consistent with the power response curves shown in Fig. 9(a) and (b), which have a strong immunity to disturbance. 
2) VARIABLE LOAD COMPARISON IN ISLAND MODE
A microgrid has two working modes: grid-connected mode and island mode. The performance of DMC in the island mode and that of MPC and PI were further verified by the comparative experiments of the variable load in the island mode. Fig. 10 shows the comparison curves of the main variable load indexes in the island mode. The individual curves of the three controllers' comparison curves in Fig. 10 are shown in Appendix B. The setting value and changing time of the variable load power are consistent with those in the comparative experiment in the grid-connected mode. Fig. 10 (a) shows that the response curves of DMC and PI in the island mode have a large impulse due to the load mutation when no grid voltage support exists. This finding may be attributed to the notion that MPC considers the circuit model as its main controller and its corresponding response speed is fast. Due to the addition of the dynamic matrix prediction module and error correction module in DMC, with the imitation of the prediction time domain and error correction time domain, DMC delayed multiple control steps before intervening in the control process. At the initial time of variable loading, the response curve of DMC shows an impulse that is larger than the impulse of the other two response curves. The output control quantity of the PI controller is small in the initial control process due to the no-reference trajectory requirement control characteristic of a conventional PI control method in the control process. Therefore, the control effect in the initial process is not distinct, and a larger impulse is observed in the initial response curve. As shown in Fig. 10(a) , the rising times of MPC are 0.08 and 0.03 s, those of DMC are 0.86 and 0.47 s, and those of conventional PI control are 5.3 and 1.1 s. The response curves of DMC and PI are smoother and show fewer fluctuations than those of MPC. The MPC response curve has distinct steady-state errors. The MPC and DMC response curves show no overshoot, while the PI response curves show two shoot and one overshoot, respectively. The output response curve of the PI-controlled VSI shows distinct oscillations and fluctuations when it attains a stable state. These characteristics also exist in the output response comparison curves of reactive power, as shown in Fig. 10(b) .
The d-axis and q-axis components of the output current shown in Fig. 10(c) and (d) also verify the control performance of DMC. Compared with MPC-controlled VSI, the response speed for the DMC is slower, the steady-state error is smaller, and the response curve is smoother. Compared with traditional PI control, because DMC inherits the response speed of MPC, and therefore, no overshoot, smaller oscillation and fluctuation, curve smoothness, and smaller steady-state errors occur.
3) EXPERIMENT COMPARISON OF LOAD MUTATION IN ISLAND MODE
The main characteristic of the microgrid is that the load is random. In the grid-connected mode, the performance of the Fig. 10(d) .
controller is stable due to the urban grid support. In the island mode, however, the impact of load mutation on the control performance of VSI cannot be disregarded. Fig. 11 shows the load mutation contrast curve in the island mode. The individual curves of the three controllers' comparison curves in Fig. 11 (a)-(e) are shown in Appendix B. The active power requirement of the load side abruptly changes when the experiment time is 10 s, and the initial power requirement state of the load is restored when the experiment time is 15 s. Because the microgrid control system adopts a hierarchical control structure, secondary power control is used to correct the VSI output errors. A cascade control structure is formed with the internal output module of VSI, which renders the structure of the control system more complex with a greater impact on the performance of the controller. Fig. 11(a) shows that the rising times of MPC, DMC, and PI are 0.1 s and 0.12 s, 1 s and 0.82 s, and 2.13 s and 3.41 s, respectively. When the response curves of MPC and PI are stable, the output power decreases by 3 kW and that for DMC decreases by 3.4 kW during the load mutation process. After load recovery, the mean steady-state errors of MPC, DMC, and PI are 0.45, 0.023, and −0.3 kW, respectively. A comparison of the response curves indicates that although the response speed of DMC is faster than that of PI and slower than that of MPC, the response curve of the DMC is smoother than that of the MPC. Further, these characteristics are validated in the reactive power output response curves shown in Fig. 11(b) . Fig. 11(c) shows that the current-voltage curves of the DMC smoothly respond during the load mutation process without overshoot, oscillation, and fluctuation. Fig. 11(d) shows that the active power output of the three VSIs with the participation of the secondary power controller does not decrease. The rising times of MPC are the shortest-0.18 s and 0.17 s; the rising times for DMC were 0.33 s and 0.73 s. The PI response curve experienced two large fluctuations and three large fluctuations to attain a stable state, and the rising times were 1.37 s and 5.99 s, respectively. The power curves of all three controllers decrease and rise at load mutation and recovery, and then they gradually adjust to the target value with the participation of the power controller. The MPC response curve frequently oscillates in the stable state, and the DMC has a smoother curve than the MPC and the PI response curves. This finding is reflected in the voltage and current curves of the DMC shown in Fig. 11(f) . Fig. 11(e) shows that the total characteristics of the response curves of the three controllers are consistent with the active power response curve. However, the reactive power degrades in all three curves because the input power of VSI remains unchanged during the load mutation process. To ensure the interactive balance of active power, the controller reduces the reactive power output. 
4) COMPARISON OF LINE PARAMETER UNCERTAINTIES IN ISLAND MODE
For control systems, the uncertainty problems in the microgrid include not only the randomness of a load but also the numerical uncertainty of the line impedance and inductance with changes in the environment. For this uncertainty, a comparative experiment is performed, as shown in Fig. 12 . The line resistances for the three control systems are 5 and 8 , and the line inductances are 1 mH and 3 mH. The output current curves of the three control systems are compared in the figures. Fig. 12 indicates that the current curves of DMC are smooth and stable for different line resistances and inductances without waveform distortion. The curves of the PI-controlled VSI output current substantially change with different parameters, and the waveform distortion is more distinct than that for DMC and MPC. The comparison of curves for DMC with those for MPC indicate that the curves of DMC and MPC slightly vary with different parameters and only a small phase difference exists between them because DMC belongs to MPC control theory and its steady-state performance is similar. Further, the small phase deviation causes a certain degree of power output steady-state error in the steady-state process, which is consistent with the experimental results of the MPC power output curve. The results proved that the DMC and MPC control methods have distinct advantages over PI control methods in the control process of uncertain impedance. Fig. 11(d) .
According to the four comparative experiments, DMC has distinct advantages over MPC in the curve smoothness, oscillation, and steady-state error. However, the disadvantage of DMC is that the response speed is significantly lower than that of MPC. With the participation of the secondary PI power coordination controller, the DMC response process is substantially affected by the PI controller, which shows a small overshoot and fluctuation in the load mutation experiment, while MPC is not significantly affected. DMC adopts a multistep predictive error correction method, which renders a more moderate control variable output change in each control step, while MPC adopts direct control of the model, and the control variables output considerable change. Therefore, DMC is substantially influenced by the PI controller when it is employed in series with a secondary power coordination controller, which explains why the response speed of DMC is slower than that of MPC. Compared with the traditional PI control method, DMC has distinct dynamic and steady-state advantages.
V. CONCLUSION
Based on the special source-load characteristics of a microgrid, this study constructed a control network with VSIs as the main body. The characteristics analysis of the network indicated that optimization of the dynamic characteristics of the primary control level using a traditional microgrid control method is not easy because the output control of VSIs adopts PI controllers. To ensure a stable control performance for the VSIs control network and improve the dynamic response capability of the underlying VSIs nodes, a novel control method for VSI output control based on the DMC algorithm was proposed. Compared with the traditional PI controller on the same hardware platform of a microgrid, the VSIs control network, which is composed of these VSI nodes, considerably enhanced the response performance in the underlying dynamic process. Thus, the DMC controller is suitable for the special source-load characteristics of the microgrid, which can execute the output control commands set of the power sharing control module or secondary coordination control module during dynamic load variations.
Compared with the traditional MPC controller, the DMC controller has a dynamic matrix prediction and error correction process for a smoothing response curve and for reducing the steady-state error. Although the dynamic response of DMC is slightly slower than that of MPC, the response curve of DMC is smoother and the steady-state error is smaller than that of MPC. However, when DMC is connected in series with the secondary PI power coordination controller, the response performance of DMC is affected by the PI controller, and the curves have small overshoot and fluctuation. Improving the response speed of DMC (especially in the initial stage) can improve the deficiency of DMC and warrants further analysis.
APPENDIX A
See Table 1 .
APPENDIX B
Due to the partial coincidence of the contrast curves in Figs. 9-11, the individual output curves of the DMC, MPC, and PI controller in the figures are listed in Appendix B to show the experimental data. Figs. 13-16 show the curves of Fig. 9. Figs. 17-20 show the curves of Fig. 10. Figs. 21-24 show the curves of Fig. 11 .
